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Solid parts were produced by Very High Power Ultrasonic Additive Manufacturing (VHP-UAM)   
at room temperature using 150 μm thick tapes of 6061 aluminum and 110 copper alloys. 
Processing was done at 20 kHz frequency over a range of parameters (26 –36 μm vibration 
amplitude, 5.6 – 6.7 kN normal force, and 30.5 - 35.5 mm/s travel speed). Softening of materials 
(up to about 14% in 6061 Al and 23% in 110 Cu) was noted facilitating enhanced plastic flow 
and a reduction in interfacial voids. Evolution of fine recrystallized grains (0.3-4 μm in 6061 Al 
and 0.3-10 μm in 110 Cu) from an initial coarser grain structure (up to 8 μm in 6061 Al and 25 
μm in Cu) was observed at the build interface regions. Bonding between layers in both materials 
seems to have occurred by dynamic recrystallization and movement of grain boundaries across 
the interface.  The energy required for the above physical processes is derived from interfacial 
adiabatic plastic deformation heating.  
Introduction 
Additive manufacturing is a set of manufacturing processes that involves the production 
of a 3-D part layer by layer directly from a CAD model [1]. Also known as layered 
manufacturing or rapid prototyping, this technology enables building of complex shaped parts 
that have hitherto been impossible by traditional means [1]. Ultrasonic Additive Manufacturing 
(UAM) is one such process used to fabricate parts of near net shape from metal tapes [2]. Based 
on ultrasonic seam welding, this solid state joining process involves successive bonding of metal 
tapes one over the other [3]. Ultrasonic vibrations (20 kHz frequency) are applied laterally to the 
foil through a sonotrode under a static normal force as the sonotrode rolls along the length of the 
tape. The scrubbing that takes place between the tapes ruptures the oxide layers between them, 
promoting nascent metal-metal contact and eventually their bonding. The sonotrode surface is 
usually textured to enable gripping of the foil and facilitate welding of the faying surfaces. This 
leaves a rough imprint on the top-surface of the tape.  These imprints affect the bonding of the 
subsequent layer. The main process parameters for a given sonotrode texture are vibration 
amplitude, static normal force, sonotrode travel speed and pre-heat temperature [3].  
 
A number of investigations have been carried out to characterize the bonding between 
metals in UAM [4-8]. Microstructural changes occurring under this process and the ensuing 
mechanical properties (hardness and strength) have been studied [4-11]. However, due to limited 
power capability of previous systems [12], adequate bonding has not been possible even in Al 
despite the pre-heat [3, 13]. This results in a large number of interfacial voids and discontinuities 
throughout the build [3, 13]. Furthermore, welding of materials harder than aluminum has not 
been possible. Preliminary attempts have been made to bond copper and some dissimilar metal 
combinations [6-7] with limited success. These shortcomings in the current UAM method have 
led to the development of very high power ultrasonic additive manufacturing (VHP-UAM). Such 
a process will involve higher ultrasonic power (or energy) realized through larger vibration 
amplitudes and normal force levels. Such a VHP-UAM machine has been designed and 
developed by the EWI [12]. It is capable of delivering up to 9 kW of power at 20 kHz resonant 
frequency through the use of two transducers operating in tandem on either side of the sonotrode 
[12, 14]. A schematic of this is shown in Fig. 1. The two transducers are set to vibrate 180° out 
of phase, in “push-pull” mode.  The transducer displacements are reinforced resulting in 
vibration amplitudes of up to 52 µm (from 26 µm in the conventional machine) [12].  In 
addition, the machine also has the capability for higher static normal forces – up to 15 kN [much 
higher than in the conventional machine (2 kN)] [12]. In this paper, 6061 Al (Al- 1% Mg, 0.6% 
Si, and 0.3% Cu by weight) [15] and 110 Electrolytic Tough Pitch Cu (99.95 % Cu and 0.04% O 
by weight) [15] have been processed by VHP-UAM.  The bonds were then characterized by a 










Fig. 1 Schematic of the double transducer-sonotrode system used in the VHP-UAM machine for 
enhanced vibration amplitudes.  
Experimental Procedure 
Separate builds of 6061 Al and 110 Cu were made by welding of tapes 150-µm thick 
successively one over the other. The first tape was always laid on (welded) to a 12-mm thick 
3003Al-H14 base plate.  The approximate dimensions of the builds were 25.4 mm width X 170 
mm length X 2 mm height. Processing of materials was done at room temperature using the 
parameters shown in Table 1.  
 
Table 1 VHP-UAM processing parameters used in the current investigations 
Material  Vibration amplitude (μm) Normal force (kN) Travel speed (mm/s) 
6061 Al-H18 26 5.6 35.5 
110 Cu-Hard 36 6.7 30.5 
 
The builds were characterized on transverse sections perpendicular to the welding 
direction. The samples were sectioned at low speed using a diamond blade and prepared in 
accordance with standard metallographic practice. They were then final polished with 0.02 µm 
colloidal silica on a vibratory polisher for ~36 hours. Optical microscopy and Scanning electron 
microscopy (SEM) (using the Quanta 200 Scanning electron microscope) were used to observe 
un-bonded regions and interfacial discontinuities. Microhardness mapping across the build (grid 
comprising of 31 rows spaced at 60 μm intervals and 20 columns spread over a length of about 
20 mm) was done using a Leco AMH-43 Microhardness analyzer. The microstructure evolution 
at the interface regions was investigated employing the technique of Orientation imaging 
microscopy (OIM) on Quanta 200 under the following conditions: 20-25 kV, spot size 6, 21-25 
mm working distance, and 0.1-0.2 μm step size. For comparative studies, the original base 
material foils were also characterized on transverse sections.  
Results and Discussion 
6061 Aluminum Alloy Builds 
Typical optical images from an as-polished 6061 Al build sample is shown in Fig. 2. The 
presence of a few voids is seen in the sample center (Fig. 2a) while relatively more voids are 
observed towards the edges (Fig. 2b). The void density is estimated to be 0.2 - 0.4% in a total 
area of 2 mm
2
. These un-bonded regions however are noticeably lower than what is typically 
seen in conventional UAM (Fig. 2c). Although the processing parameters used here are not 
optimal, the observation of a low void density indicates that improved bond quality is possible 




Fig. 2 Optical images of as-polished 6061 Al build sample (transverse section) showing (a) the 
void distribution in center and (b) edge. The optical image of the sample made by conventional 
UAM is shown in (c) for comparison [13]. A schematic of the transverse section showing regions 
corresponding to center and edge (denoted by C and E respectively) is also shown for reference. 
 
The presence of more voids towards the edges could be attributed to a non-uniform 
contact pressure distribution at the interfacial region when a layer is bonded. Imprints of the 
sonotrode surface texture left on the foil (Fig. 3) show regions close to the edge of the tape (Fig. 
3a) that are left “untouched” by the sonotrode surface. The tape center (Fig. 3b) on the contrary 
has a more uniform surface texture (Fig. 3b).   
 
 
Fig. 3 Optical images of 6061 Al build top surface showing regions in the edge (a) where the 
sonotrode does not make contact unlike in the center (b).  
 
 
Fig. 4 Hardness map over the 6061 Al build sample showing a decrease in hardness in 
comparison to that of the original foil. 
 
Microhardness measurements (Fig. 4) revealed softening of the material, at both the 
interface and bulk regions, in comparison to the hardness of original foil (78 HV). A hardness 
drop of up to ~14% is noted. However, as can be seen (Fig. 4), the extent of softening is not 
uniform across the build, with certain regions being almost as hard as the original foil. Such 
“hard” regions are found to be distributed throughout the build (Fig. 4). Although the reason for 
this is not clear, it is hypothesized that they could correspond to regions where plastic flow has 
not been homogeneous. Such inhomogeneous flow can arise from a non-uniform contact 
pressure distribution beneath the sonotrode [16]. Also, no specific trend is noticed with respect to 
the hardness variation either across the build height or along the transverse direction (Fig. 4).  
 
Microstructure analysis shows the evolution of a fine equiaxed grain structure at the 
interface region (Fig. 5). Fig. 5b is an inverse pole figure (IPF) from one such region in the build 
sample. Regions of the same color signify those grains that have their corresponding 
crystallographic planes (indicated by the color triangle) oriented parallel to the sample surface. 
The IPF of the original foil is shown in Fig. 5a. Although the confidence index has been rather 
low (0.14), the difference between the microstructures is clear. It is seen that a larger pancake 
shaped grain size distribution in the original foil (up to 8 µm) has been reduced to a finer 
equiaxed grain structure (0.3-4 µm) at the interface region following bonding (Fig. 5c). The finer 
grain structure that is evolved during processing also has a larger fraction of grain boundaries 
with high angle misorientations (15-65°) between them (Fig. 5d). The formation of such fine 
equiaxed grains with large misorientations suggests the occurrence of recrystallization. Since the 
interface is not distinctly visible (Fig. 5a), the grain boundaries (of recrystallized grains) must 
have moved across the interface, leading to metallurgical bonding.  
 
 
Fig. 5 Inverse pole figures of (a) the original 6061 Al foil and (b) an interface region from the 
build.  Analyses of the data shows (c) finer grain size distribution and (d) larger grain 
misorientations at the build interface.  
 
A clear change in the crystallographic texture is also noted as seen from the (111) pole 
figures (Fig. 6). The original foil (Fig. 6a) shows a typical {112} <111> “copper” texture that is 
commonly observed with heavily cold rolled face centered cubic metals [17]. The interface 
region however seems to display a weak “cube” texture ({001}<100>) [17] again pointing to 
recrystallization of the initial deformed structure. This is shown in Fig. 6b. Recrystallization has 
been observed earlier in conventional UAM of Al (3003 alloy) [3, 18]. In the current 
investigations however, the phenomenon observed can only be attributed to dynamic 
recrystallization (DRX) since no external heating is involved. DRX signifies recrystallization of 
grains even as it is being deformed. Such a phenomenon has also been reported in conventional 
UAM of 6061-O Al done without pre-heat [10]. The occurrence of DRX probably explains the 
softening seen in our investigations.   
 
Fig. 6 (111) Pole figures of (a) the original 6061 Al foil and (b) an interface region of the build 
sample showing a weak cube texture evolution in the interface from an initial copper texture.    
 
110 Cu Alloy Builds 
Bonding in 110 Cu is seen to comprise of the formation of wavy interfaces with evidence 
of turbulent plastic flow in certain regions (Fig. 7). The presence of such interfacial instabilities 
was clearly brought out in the etched build sample under the SEM (Fig. 7). This could be an 
effect of the material flow occurring along the ridges and valleys between the contacting layers 
during processing. The wavy nature of interfaces is probably connected with the ability of copper 
to work soften and flow easily (than Al) with increasing temperatures, due to its lower stacking 
fault energy (SFE) [19-21]. It is also apparent (Fig. 7) that the tapes had individually thinned 
down by about 5% from the original thickness of 150 µm.  
 
 
Fig. 7 Secondary electron images of 110 Cu build sample etched with 50% nitric acid.  
Softening of the material throughout the build (even greater than in 6061 Al) is observed here 
again. Fig. 8 shows the hardness map over the build sample. In comparison with a harder original 
foil material (108 HV), the build layers are seen to have softened up to ~23% (Fig. 8). However, 
there are some “hard” regions as well. Again, no specific trend is seen in the hardness variation 
along the build height or in the transverse direction (Fig. 8). 
(a) 
 
Fig. 8 Hardness map over the 110 Cu build sample showing a decrease in hardness in 
comparison with the original foil.    
 
The evolution of a fine equiaxed grain structure at the interface region was again noted 
(Fig. 9). Figures 9a and 9b show the IPF of the original foil and an interface region in the build 
sample. The difference between the two images (Figs. 9a and b) is striking with the latter 
showing evidence of highly localized shear (Fig. 9b). Grain size analysis reveals that a relatively 
coarse grain structure of up to 25 µm size in the as-received foil is reduced on processing to a 
more uniformly finer grain size ranging between 0.3-10 µm (Fig. 9c). This fine grain structure in 
the interface region also contains a larger fraction of grains with high angle misorientations (15-
60°) between them than the original foil (Fig. 9d) pointing once again to recrystallization and 
consequent metallurgical bonding. Again, with no external heating involved in the processing of 
the build, the evolved grain structure at the interface region could be attributed only to DRX. It is 
probably the first time this phenomenon is being observed in UAM of Cu. A change in texture is 
seen here too - between the original foil and the interface region of the build – as seen in the 
(111) pole figures (Fig. 10). It is interesting to note that a deformation texture (copper type) 
seems to evolve following processing (Fig. 10b). This could be associated with the shearing seen 
therein (Fig. 9b) and is being further investigated.   
 
With the observation of dynamic recrystallization occurring in both materials at the 
interface, it appears the starting cold worked coarse grain structure of the original foils has gone 
through the stages of further plastic deformation (expected to be more in Cu due to its high work 
hardening rate) and dynamic recovery (in Al) during VHP-UAM. Al alloys, with their high SFE, 
are known to exhibit continuous dynamic recrystallization (CDRX) [10, 22] especially under hot 
working/ thermomechanical processing [19-21] where the subgrains undergo a continuous 
rotation until they form high angle boundaries between them [10, 22]. Copper, on the other hand, 
being a material with medium SFE, is known to exhibit discontinuous dynamic recrystallization  
(DDRX) under hot working conditions [23]. This involves the nucleation of grains with high 
angle misorientation with the parent grains [23].  
 
 
Fig. 9 Inverse pole figures from (a) the original 110 Cu foil and (b) an interface region in the 
build sample. Analyses of the data shows (c) finer grain size distribution and (d) larger grain 




Fig. 10 (111) Pole figures of (a) the original 110 Cu foil and (b) an interface region of the build 
sample showing the possible evolution of a copper texture at the interface region. 
 
The occurrence of recrystallization suggests that the interfacial temperature during the 
process must have reached close to the homologous temperature of 0.5 (although in Al alloys, 
the temperature could be lower) [19]. It is further interesting to note that this might have actually 
(b) 
occurred within a few milliseconds only [24] entirely due to interfacial heating. The evolution of 
recrystallized grains at the interface explains the softening observed in both materials. The heat 
generated at the interface could also get dissipated into the bulk. Since the starting material is in 
the cold rolled condition, such heat dissipation could lead to recovery-like effects in the bulk of 
the layers [25]. This probably explains the softening through the thickness of the layers. 
 
Since the process involves shearing of small micron sized asperities between the foils at a 
frequency of 20 kHz and high vibration amplitudes, very high strains and strain rates can 







 [7, 26]. This could result in high strain rate deformation heating under adiabatic 
conditions resulting in large temperature excursions [27-28]. The flow stress of the material is 
thus decreased appreciably even as the high strain rate tries to increase it [20]. Between these 
competing processes, the effect of temperature eventually prevails resulting in work softening 
through dynamic recovery (DRV) and/or recrystallization (DRX) [17, 20-21]. Such a behavior 
can induce plastic instability in the material promoting enhanced flow, more so in materials with 
relatively lower SFE [17, 21]. This is probably the reason for the turbulent flow in Cu. Such 
inducement of enhanced plastic flow can result in a more effective collapse of asperities too. 
This would minimize voids and un-bonded regions, as was noted in this research. A further 
reduction in void density (than reported here) was also seen to be possible under VHP processing 
(as part of our overall research program) [25]. Temperature rise estimates made based on 
adiabatic heating during metal working show that the excursions in temperature over every cycle 
can indeed be large and close to a homologous temperature of 0.5 [24]. VHP-UAM can thus be 
compared to hot working (albeit in a much localized fashion) where such temperatures are 
involved promoting DRX [19].  
 
Based on the above, the following bonding mechanism is hypothesized in VHP-UAM:  
1. Scrubbing of layers leading to oxide film rupture between all contacting asperities, their 
delamination, and dispersion - due to differential deformation characteristics between the 
oxide and the metal. 
2.  Contact of nascent metal asperities, their interfacial cyclic shearing and strain hardening. 
3. Formation of hysteresis loops, plastic deformation heating under adiabatic conditions due 
to high strain rates.  
4. Rapid localized temperature rise with every cycle together with plastic strain 
accumulation.  
5. Softening by DRV/ DRX and decrease in flow stress and modulus of the interfacial 
metal.  
6. Enhanced plastic flow, asperity “collapse”, and further softening.  
7. Mutual migration of boundaries of recrystallized grains across the interface.  
8. Formation of a series of “micro welds”. 
 
Although listed sequentially, these stages in bonding could occur concurrently. For 
instance, the initial plastic deformation cycles could lead to adiabatic heating conditions, which 
in turn facilitate more plastic flow. Again, the softening that takes place by the mechanism of 
DRV/ DRX could promote more plastic flow and a possible further softening due to continued 
heating. Also, even as the contacting asperities collapse against each other, new asperities start 
coming into contact as the cycle repeats itself.  
 
In order to test the above hypothesis of plastic deformation heating being the driver to 
DRV/ DRX in VHP-UAM, some temperature measurements using K type thermocouples were 
made in Al alloys (3003, 6061) and 110 Cu [29]. A higher temperature rise was recorded in the 
higher strength materials namely 6061 Al and 110 Cu in comparison with 3003 Al under similar 
processing conditions [29] demonstrating the effect of plastic deformation heating. The 
observations also fit into the phenomenological model of adiabatic temperature rise due to plastic 
work [24]. Based on the above mechanism, bonding in a given material must also depend upon 
the energy that is put in through the processing parameters.  This input energy will in turn 
determine the extent of temperature rise at the interface promoting bonding through the 
mechanism discussed. This phenomenon was again verified by temperature measurements in 
3003 Al [29]. Although all the three parameters - vibration amplitude, normal force, and travel 
speed were found to influence the temperature rise [29], the effect of amplitude was the most 
pronounced [29].  These results also agree with the phenomenological model [24]. According to 
the model, the temperature rise will be a function of the shear strain associated with plastic work. 
Since the shear strain is proportional to the amplitude [24], higher the amplitude, larger will be 
the temperature increase. The results [29] of increased temperature rise with amplitude (in 3003 
Al) corroborates with observations made earlier [14]. A higher degree of bonding, as assessed by 
qualitative peel testing, was noted under increased amplitudes [14].  
 
Future work would involve mechanical testing of VHP-UAM builds to evaluate the 
“bond strengths” and identify optimal processing parameters for a given material. This would 
confirm the above hypothesis of temperature rise being a measure to the bond quality. Also, it 
would be interesting and important to observe the microstructural evolution away from the 
interfaces to rationalize the softening in the bulk.  
Conclusions 
Multilayer builds of 6061 Al and 110 Cu were made by very high power ultrasonic 
additive manufacturing at room temperature. With enhanced plastic flow facilitated through 
more intense processing parameters than in conventional ultrasonic additive manufacturing, 
voids/ unbonded regions are significantly low (only about 0.2-0.4% in 6061 Al over 2 mm
2
). 
Wavy interfaces with features of turbulent plastic flow are noticed in 110 Cu. Bonding in both 
materials is seen to take place through the process of dynamic recrystallization and a possible 
migration of grain boundaries across the interface. While the grain structure in 6061 Al is 
reduced to 0.3-4 μm from an initial starting foil grain size of up to 8 μm, it is refined to 0.3-10 
μm from a grain size of up to 25 μm in the starting foil. This is accompanied by a change in 
crystallographic texture too at the interface region. Softening of materials from the original foil 
hardness is also observed (up to about 14% in 6061 Al and 23% in 110 Cu). This is probably 
responsible for the enhanced flow. The differences in the extent of softening between 6061 Al 
and 110 Cu could be attributed to the difference in their stacking fault energies. The temperature 
rise promoting dynamic recrystallization during bonding seems to occur through plastic 
deformation heating between contacting asperities. The above results illustrate the potential 
benefit of VHP-UAM.  
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